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(57) Abstract: A method of allocating switch requests within a packet switch, the method comprising the steps of establishing 
switch request data at each input port: processing the switch request data for each input port to generate request data for each input 
pon-outpui pen pairing: comparing the number of requests from each input port and to each output port with the maximum request 
capacity of each input port and each output port: allocating all requests for those input-output pairs where the total number of requests 
is less than or equal to the maximum request capacity of each input port and each ouptput port: reducine the number of requests for 
those mput-output pairs where the total number of requests is greater than the maximum request capacity of each input port and each 
output port such that the number of requests is less than or equal to the maximum request capacity of each input pon and each output 
port: and allocating the remaining requests. Packets may be switched from an input port to a specilled output port in accordance 
with the allocations obtained with the above method. 
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PACKET SWITCHING 



This invention relates to packet switching (or cell switching), in particular 
methods for allocating requests for switching from one of the inputs of a packet 
5 switch to one of the outputs of the packet switch. 

input-buffered cell switches and packet routers are potentially the highest 
possible bandwidth switches for any given fabric and memory technologies, but 
such devices require scheduling algorithms to resolve input and output 
contentions. Two approaches to packet or cell scheduling exist (see. for example, 
10 A Hung et al. "ATM input-buffered switches with the guaranteed-rate property," 
and A Hung et al. Proc. IEEE ISCC -98. Athens, Jul 1998. pp 331-335). The first 
approach applies at the connection-level, where bandwidth guarantees are 
required. A suitable algorithm must satisfy two conditions for this; firstly it must 
ensure no overbooking for all of the input ports and the output ports, and 
15 secondly the fabric arbitration problem must be solved by allocating all the 
requests for time slots in the frame. 

Fabric arbitration has to date been proposed by means of the Slepian- 
Duguid approach and Paull's theorem for rearrangeably non-blocking, circuit- 
switched Clos networks (see Chapter 3, J Y Hui, Switching and traffic theory for 
20 integrated broadband networks. Kluwer Academic Press, 1990). This connection- 
level algorithm can be summarised as firstly ensuring no overbooking and 
secondly performing fabric arbitration by means of circuit-switching path-search 
algorithms. It has been assumed that this algorithmic approach could only be 
applied at the connection level, because of its large computational complexity. For 
25 this reason, proposals for scheduling of connectionless, best-efforts packets or 
cells employ various matching algorithms, many related to the "marriage" problem^ 
(see D Gale and L S Shapley, "College admissions and the stability of marriage," 
Mathematical Monthly, 69, 9-15 (1962) and D Gusfield and RW Irvmg, The Stable 
Marriage Problem: Structure and Algorithms. MIT Press, 1939) in which the input- 
30 output connections for each time slot or phase of the switch are handled 
independently, i.e. a frame of time slots (and hence phases) is not employed. 
Although such algorithms for choosing a set of conflict-free connections between 
inputs and outputs for each time slot, which are based on maximum size and 
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maximum weight bipartite graph matching algorithms, can achieve 100% 
throughput (N McKeown era/, "Achieving 100% throughput in an input-queued 
switch," Proc. IEEE Infocom -96. March 1996, vol.3, pp. 296-302) they are also 
impractically slow, requiring .running times of complexity O(N^logN) for every time 
5 slot (R E Tarjan, "Data structures and network algorithms." Society for Industrial 
and Applied Mathematics, Pennsylvania, Nov. 1983). 

Iterative, heuristic, parallel algorithms such as iSLIP are known, which 
reduce the computing complexity (i.e. time required to compute a solution) for 
best-efforts packets or cells iN McKeown et al, "The Tiny Tera: a packet switch 
10 core," IEEE Micro Jan/Feb 1S97. pp 26-33). The iSLIP algorithm is guaranteed to 
converge in at most N iterations, and simulations suggest on average in fewer 
than log^N iterations. Since no guarantees are needed, this and similar algorithms 
currently represent the preferred scheduling technique for connectionless data at 
the cell level in input-buffered cell switches and packet routers with large numbers 
15 of ports (e.g. N>10). The iSLIP algorithm is applied to the Tiny Tera packet 
switch core, which employs Virtual Output Queueing (VOQ), in which each input 
port has a separate FIFO (First In, First Out) queue for each output, i.e. FIFOs 
for an NxN switch. If we assume that each FIFO queue stores at least a number 
of ceils equal to the average cell latency L, and that each cell is a 53-byte ATM 
20 cell, then the total input FIFO queue hardware count is 0(424LN'). With each 
element capable of clocking out 424f oits per frame, this is a complexity product 
of 0((424)-'fLN^i, which is a very large complexity. Fortunately, by employing a 
single queue in the form of RAM in each port, acting as N virtual queues, the 
hardware count can be reduced to 0(424LN). and with parallel readout reducing 
25 the number of steps per frame to just f, the overall complexity product can be 
reduced to 0(424fLN). Table 1 g.ves the hardware and "computing" steps for 
these queues to provide f cells within a frame. 

For unicast packets tne iSLIP algorithm converges in at most N iterations, 
where N is the number of input and output ports. On average the algorithm 
30 converges in fewer than log:N iterations. The physical hardware implementation 
employs N round-robin grant arbiters for the outDut ports and N identical accept 
arbiters for the input ports. Each arbiter has N input ports and N output ports, 
making links altogether. The total amount of Hardware depends on the precise 
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construction of the round-roDin arbiters. N McKeown er al. op cit. employ a 
priority encoder to identify the nearest request from the port closest to a pre- 
determined highest-pnoritY port (see Figure 1i. The priority encoder reduces the 
number of links down to log^N parallel links, in order to change the pointer if 

5 required. The log2N parallel links are then expanded back up to N links again 
through a decoder. Details of the haraware complexity of the arbiters are given in 
N McKeown, Scheduling Algorithms for Inout-Queued Cell Switches. PhD Thesis, 
University of California. Berkeley. 1995. The growth rate for the complete 
scheduler is 0<N^). each arbiter being O(N^). For a 32x32 cell switch (which is the 

-0 size of the Tiny Tera switcni. 421. 4C3 2-inpui gates are required. This may oe 
quite acceptable for sucn a small switch, but the O(N^) growth rate is extremely 
large. 

In order to minimise the overall nardware and computing complexity, the 
best structure for constructing the encoder is a binary tree, which requires 0(2N) 

15 elements .for large N) and only \oq-M steps per iteration, whilst the decoder needs 
only 0(N) elements. Pipelining cannot be employed to reduce to one step per 
iteration, because the pointers cannot oe up-dated until the single-bit requests 
have passed through both sets of aroiters to the aecision register. The total 
hardware and computing complexities are given below m Table 1 . The hardware 

2C complexity now grows as 0(N-^i rather than O(N^). due to the binary tree encoder 
and decoder. 



Hardware } Computing Steps per Hardware. Computing 
Frame j Complexity Product 



Count 



Input RAM 
! queues 



424LN 



424fLN 



Average 
Convergence 



0{6N^) . 0{4fiog:N(1 - log2N)) 



0(24fN^log2N(1 
logzN)) 



Guaranteed » 0{6N-, 0(4fN(l - log^N)) \ OI24fN^(1 ^ log2N)) 

i ; 

Convergence » 1 

Table 1 . Hardware and computing complexities of the iSUP algorithm for 
scheduling f packets per cort in a frame of f time slots. 
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The overall hardware. computing complexity product 0(24fN^(1 - logzN)) of the 
iSLIP algorithm for scheduling f packets per port would be no less than that of the 
maximum size and weight matching algorithms of N McKeown, et al "Achieving 
100% throughput in an input-queued switch," Proc. IEEE Infocom '96, March 
5 1996. vol.3, pp.296-302.. if convergence .must be guaranteed. There is a 
reduction to 0(24fN^log2N( 1 - log^N)) for the average number of computing 
steps. The major benefit of the iSLIP algorithm is its parallel nature, which allows 
the number of computing steps to be traded against hardware complexity, thus 
reducing computing times by a factor at the expense of increasing the . 
10 hardware by the same factor. It is interesting to note that hardware quantities for 
the input RAM queues far exceed those needed for the scheduling electronics. 

According to a first aspect of the invention there is provided a method of 
a method of allocating switch requests within a packet switch, the method 
comprising the steps of 
1 5 (a) establishing switch request data at each input port; 

lb) processing the switch request data for each input port to generate 
request data for each input port-output port pairing; 

(c) comparing the number of requests from each input port and to each 
output port with the maximum request capacity of each input port and each 

20 output port; 

(d) allocating all requests for those input-output pairs where the total number 
of requests is less than or equal to the maximum request capacity of each input 
port and each output port; 

(e) reducing the number of requests for those input-output pairs where the 
25 total number of requests is greater than the maximum request capacity of each 

input port and each output port such that the number of requests is less than or 
equal to the maximum request capacity of each input port and each output port; 



and 

(f) allocating the remaining requests. 

30 



According to a second aspect of the invention there is provided a method 
of allocating switch requests within a packet switch, the method compnsing the 
steps of; 

(a) establishing switch request data at each input port; 
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,b) processing the sw.tch request data for each input port to generate 
request data for each input port-output port pairing; 

.c) allocating a first switch request from each of the input port-output port 

pairing request data, the requests being allocated only if the maximum request 
5 capacity of the respective output port has not been reached; and 

(d) allocating further switch requests by the iterative application of step (c) 
until the maximum request capacity of each output port has been reached. 

The present mvention additionally prov.des a method of allocating sw.tch 
requests within a packet switch, the method comprising the steps of; 
10 --a) establishing switch request data at each input port: 

(b) processing the sw.tch request data for each ;npui port to generate 
request data for each input port-output port pairing; 

,c) identifying a first switch request from each of the .nput port-output port 

pairing request data; 

15 (d) ident.fying further sw.tch requests by the .terative application of step lO 
until all of the switch request data has been identified; 

,e) subject to the max.mum request capacity of each input port and each 

output port, allocating all of the identified switch requests: and 
„) reserving unallocated sw.tch requests for use in the next phase of switch 

20 request allocation. 

The invent.on will now be descnbed with reference to the following 
figures in which; 

Figure 1 is a schematic depiction of a known arrangement for allocating 

25 switch requests; 

Figure 2 is a schematic depiction of an apparatus for counting switch 

requests according to the present invention: 

Figure 3 is a schematic depiction of a second apparatus for count.ng 
switch requests according to the present invention; 
30 Figure 4 is a schematic depiction of an apparatus for count.ng the switch 

requests for each output port of a packer switch according to the present 
invention: 
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Figure 5 is a schematic depiction of an apparatus for counting the switch 
requests for each output port of a packer switch according to an alternative 
embodiment of the present invention; 

Figure 6 is a graph comparing the performance of the iSLIP algorithm with 
5 that of the present invention: 

Figure 7 is a graph showing the performance ratio of the iSLIP algorithm 
to that of the present invention; 

Figure 8 is a second graph comparing the performance of the iSLIP 
algorithm with that of the present invention; and 

Figure 9 is a secono graph showing the performance ratio of the iSLIP 
algorithm to that of the present invention. 

As the scheduling of best-effort, connectionless cells within an input- 
buffered switch, router or network is bring considered, each of the input ports 
15 could be assumed to have a FIFO queue, each of which is destined for a differem 
output port (i.e. virtual output queueing - VOQ). Although the flows are best- 
effort, we wish to schedule them on a frame-by-frame basis. However, there is no 
pre-reservation of time slots within this frame, thus a number f of ceils are queued 
at each input port, in f time slots, and are being scheduled according to their 
20 output port destinations in such a way as to avoid contention. A particular cell or 
packet should be able to be transmitted across the switch fabric during any one of 
f time slots. Before performing fabric arbitration to ensure that there is no output 
port contention in each time slot, we must first make sure that there is no 
overbooking of the input and output ports within the frame. 
25 If the total number bf cells Nf (where N is the number of input ports and f 

is the number of time slots in a frame) to be switched across a cell or packet 
switch are to be computed together on a frame-by-frame basis, by means of a 
path-searching algorithm for a 3-stage circuit switch, then every cell could be 
represented as a port on the circuit switch. The number of computing steps 
30 needed to ensure no overbooking then depends on the amount of hardware that is 
acceptable. If OlfNIog^ffN)) components are used, then O(fN) computing steps are 
needed. The number of computing steps can be reduced to Oliogj^ifN)) if more 
nardware is acceptable, i.e. 0(fNlogr<fN)), using a Batcher sorting network, but 
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this hardware quantity may be too large to be acceptable. However, to represent 
every celt as a port on a circuit switch is an over-restrictive constra.nt .n a eel! 
switch in fact, in a cell switch, it is only necessary to ensure that the number of 
cells destined for each of the N output ports does not exceed the number of cells 
5 or time-slots in the frame as there ,s no requirement to ex.t the output port .n any 
Specific time-slot. 

The present invention concerns a method of for ensuring no overbook,ng of 
the input and/or output ports. An NxN request matrix R .s defined, wnose 
elements r„ represent the number of ceils in mput port , destined for output port 
10 The two conditions that ensure no overbooking are simply: 



y,; =/ tor all/ and =/ for all / 

,n practice, cells from more than f time slots in each input port could be 

15 considered in this procedure, if cells destined for overbooked ports have to be 

discarded. Discarded cells could either be lost completely, or continue to be 

queued for later attempts. 

,n order to establish the number of request matrix elements. counters 
are established, one for each queue. Figure 2 shows a schematic dep,ct,on of a 
20 oossible input port arrangement for counting the request matr.x elements, r.,. 
Pach of the N input ports 10 to a switch fabric 20 has N FIFO queues H, N 
counters 1 2 and N switches 13 in order to direct cell requests to the appropnate 
counter 12. Assuming just f cells in each port are counted within the request 
matrix each counter then requires log.(f D counting stages, requirmg O(N-log.f) 
25 counter elements altogether. If it is assumed that the individual cell dest.nat.on 
requests are input to these counters as smgle bits, there will be a max.mum of 
0(f) computing steps required of any counter. giv.ng an overall 
hardware.computing complexity product for the counters of O(fN^log.f). Figure 2 
shows that we also require 0(N) switches in each input port to d.rect the cell 
30 requests to the correct counter, i.e. O(N^) .n total. The speed of these switches 
„,ust be sufficient that, within one frame of f slots. flog.N bits can be routed, me 
overall complexity product for the switches is therefore fN^log2N. 
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The method of queueing cell requests can be refined further. In Figure 2, 
each port has N FIFO queues, each capable of buffering up to f cells. This requires 
O(fN^log^N) buffer elements, each capable of toggling flog2N times per frame, i.e. 
a complexity product of Olf^N^Hog.NIM. Fortunately, by employing a single queue 
5 in the form of RAM in each port, acting as N virtual queues, the hardware count 
can be reduced to OCfNIogrN). with the same number of steps per frame, requiring, 
a complexity product of 0(f^N<log:N)^) overall. Since a particular cell stored in 
RAM will be allocated to any of the f time slots within the frame, re-ordering may 
now also be required in an output queue if it is desired to preserve the cell order 
10 between input and output ports. This ,s now in essence the same as traditior,al 
time-slot interchanging in time-shared circuit switches. However, it would be 
possible to preserve the ceil order of a virtual input queue by allocating time slots 
in time order to the cells destined for the same output port. Even with efficient 
buffering in a single queue within each input port, cell buffering ,s the most 
15 complex function in a switch, requiring the largest quantity of the fastest 
electronics. The cells here are just the request cells, containing only output port 
destination addresses (and possibly input port addresses as weil as other 
parameter values). Much greater buffering complexity is needed for the actual 
cells or packets carrying all the header information and payload. 
20 Figure 3 shows an improvec arrangement for counting the request matnx 
elements. A serial input stream of cell requests is converted to a parallel word, 
which is then transmitted over a parallel bus 31. Each line of the parallel bus is 
connected via gates 32 to sections of the RAM 33. each RAM section 34 holding 
an individual cell request of log.N bits. Each RAM section can both read and 
25 write cell requests from and to the parallel bus. As the cell requests are written 
into RAM sections 34, they are also decoded into single-bit requests by the 
decoder 35 and transmitted to the array of counters 36. Each input port requires 
an array 36 having N counters, so the requirement for an NxN switch is N'. The 
overall complexity product, which was previously dominated by the RAM queues. 
30 is now reduced by a factor iog=N. which for large N could be an order of 
magnitude. This reduction is in terms of RAM access speeds, rather than quantity 
of buffer memory. 
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Once all of the matrix elements have been counted, the next step of the 
method of the present invention is to add the request matrix elements r . to form 
the sum of the requests for each output port of the switch. If more than f 
requests are taken into account, then the sum of the requests from each input 
5 port must also be calculated. Figure 4 shows an array of counters 41, each 
containing the number of requests for switching from a given input port to a given 
output port. e.g. counter (1,21 holds requests for switching from the first input 
port to the second output port and counter (I.N) holds requests for switching 
from the first input port to the Nth output port. The outputs from the counters 
10 41 feed into an array of N adders 42. with each adder corresponding to one of 
the output ports of the switch fabric. Thus, the outputs of the counters which 
hold requests for switching to the first output port all connect to the input of the 
adder 42 which is associated with tne first output port of the switch fabric. The 
counts may be represented as logaf-wide words, each of which nnust be switched 
15 successively to the adder circuitry 43 by an associated switch array 44. For 
conventional adder constructions the software and hardware complexities are no 
greater than for counting the individual request matrix elements. 

The third step of the method of the present invention is to compare the 
summations for each output port with f, which is the maximum number of cells 
20 that can be sent from each input port and to each output port in each frame. If 
any row or column of the request matrix exceeds f. the number of requests must 
be reduced to no more than f. One method of achieving this is to reduce the 
number of allowed requests to a .number proportional to the actual number of 



requests, i.e. 



25 



This step is efficient when the there is a heavy concentration of requests on one, 
or a few, input or output ports. However, if the traffic ,s distributed uniformly 
30 from inputs to outputs, such that each element has a small number of requests, 
then the method is less efficient. In an alternative embodiment of the present 
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invention, the requests are allocated in the following manner. Allocation of 
requests nnust be performed fairly, so that every request has a chance of being 
granted within the frame, while satisfying the "no overbooking" condition, to keep 
the average delay seen by individual requests low. Furthermore, every virtual 
5 output queue must have a chance of being granted a request within the frame, to 
prevent starvation. To fulfil these requirements, each r , from ail input ports must 
be granted at least one request, if they ask for one or more requests, as one port, 
can not be granted a large number of requests while other ports are granted none. 
The tasks of summing requests and then reducing the number of requests 
10 as necessary are now replaced by a single mechanism which iterativeiv counts up 
the requests by granting one at a time to all r.: counters, until the sum of the 
requests destined for any output port equals the number f of slots in the frame. 
At that point no more requests can be granted to that output. On the first 
iteration, all request matrices, r.,. with one or more requests for a given output 
15 port j are granted one of these requests, so that up to N requests may be granted 
in the first iteration (assuming here that f > N). Each of the non-zero request 
matrix, r counters is now decremented by one, (i.e. a 1 is subtracted from each 
log^f-wide word) ready for the next iteration. Meanwhile, the successful requests 
granted to each output port, which are indicated as singie bits in parallel from 
20 each r counter, are summed, for exam^ple by an adder v/ith parallel input ports, 
converting the Individual granted request bits into a word of length logn2N) bits. 

Figure 5 shows a circuit vyhich can be used to implement the alternative 
embodiment of the invention. The circuit includes an array of request matrices 
41 (as shown in Figure 4 and described above) and N adding elements 51. The 
25 adding elements 51 each comprise a parallel bit adder 52 which receives in 
parallel the single bit requests from each associated request matrix 41 and 
creates a iog2(2N)-wide word. The output of each parallel bit adder 52 is 
connected to a respective log:(2f)-wide adder 53. 

There are N such parallel adders 52, each of which requires 4N binary 
30 adders. The number of steps required in each iteration to obtain the sum of the 
requests is iog2N.log:i2N)/2. Those r., counters that have a second request for a 
given output oort have a second single bit summed through the parallel adders In 
a second iteration of :he process described above. Altogether there couid be as 
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many as f iterations, if only one input port has requests destined for any one of 
the output ports. At the other extreme, for a uniform traffic distribution where a 
given output receives cells from different inputs, there could be just one iteration 
required. Because there is no buffering within the parallel adders, pipelining can be 
5 employed to sum each of the iterations. The maximum number of steps required 
for a maximum of f iterations is (f ^ tog2N.log2(2N)/2). The com.plexities are 
summarised in Table 4. 

At the output of each parallel adder 52 there is a temporal succession of 
up to f }og(2N)-wide words. The successive words must also be added 
10 sequentially by the adder 53 to ootain the overall total number of requests 
Granted to an output port. Since this number cannot exceed f {i.e. the number of 
time slots in the frame) this can be done using a logr(2f)-wide adder. The adder 
construction in Figure 5 employs O(log2-(2f)} half adders. Alternatively, a 
conventional adder construction employing log;i2f) full adders could be used. 
1 5 The succession of f. log(2N)-wide words can be stored in a buffer of size 
f.log2(2Ni, if necessary. These can then clocked out sequentially at a suitable rate 
via switches for the following log2(2f)-wide adder. The log2(2f l-wide adder 53 
calculates the overall total number of requests granted to all input ports destmed 
for a particular output port tand this total must not exceed f). On the iteration that 
20 arives the overall total above f. the counting must be stopped for that outout 
port. Each request matrix, r , counter whose cell requests are destined for that 
output port must be advised and keep a record of the number of iterations it took 
part in. It will only be allowed a number of requests equal to the number of 
iterations for which the overall count of requests for a given output port is <f. If 
25 the overall total on the previous iteration is less than f, then up to N additional 
requests may be allocated up to the total of ' (when f > N). This can simply be 
done by examining the status of each request matrix, r counter n turn m a 
maximum of N steps. When f < N, then up to f additional requests may be 
allocated. This may also take a maximum of N steps, by examining the status of 
30 each request matrix counter in turn, depending on the locations of the requests 
distributed around the N counters. Each of the request matrix counters now 
knows how many requests have been allocated to it. To maintain fairness 
between tne input ports destined for a particular output port, a pointer may be 
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used, so that additional requests can be allocated preferentially to different input 
ports in different frames. (Of course, a specific pattern of requests could be such 
that the same input ports are in fact allocated additional requests in different 
frames). There are many ways in which a pointer could be used to allocate 
5 additional requests, including existing round-robin techniques. The simplest way 
would be to cycle the pointer continuously around the input ports, allocating one 
request at a time to any requesting port, stopping when the required number of 
additional requests up to N has been granted. The next frame that subsequently 
needs to allocate additional requests then begins from that pointer position. 
■■0 't would be possible to reduce the N steps required to allocate the 

additional requests to Odog^N) steps, by using an (N.N) concentrator to pack 
requests next to each other, so that only the required number up to N of those 
concentrated requests can be gated or switched through to the parallel bit adder. 
The concentrator construction should preferably be such that the relative 
15 positions of the requests are preserved at the output of the concentrator, like that 
in T Szymanski, "Design principles for practical self-routing non-blocking 
switching networks with O(NlogN) bit-complexity. ' IEEE Trans. On Computers, 
vol.46, no. 10. 1057-1069 (1997).. The gating or switching of the concentrator 
outputs could be achieved by means of a modified logiN-stage decoder, which 
20 not only produces, for example, a logic "', " on the appropriate numbered decoder 
output port (controlling the concentrator- output port), to represent the last of up 
to N ports to be allowed through to the adder, but also propagates through its 
logaN stages a logic "1" to all decoder outputs (and controlled concentrator 
outputs) that lie above the last of up to N ports. In this way all decoder output 
25 ports above and including the decoded one provide enable bits ("1"s) to the 
concentrator output ports that they control, and all the decoder ports below the 
decoded one provide disable bits ("0"s) to the concentrator output ports that they 
control. Because the pointer could be in any of the N counter positions, and we 
wish preferably to allow through requests starting from the pointer position, the 
30 process of allocating additional requests could be split into two steps. 

In the first, only the requests including and below the pointer position are 
sent to the concent.-ator for gating or switching through to the adder. Disabling of 
the requests above the pointer position can be performed by a similarly modified 
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decoder. In the second part, only those requests lying above the pointer position 
are allowed through to the concentrator. The overall hardware complexity required 
for the concentrator and decoder using this construction is 0(3NMog:N), and the 
number of computing steps using Szymanski s concentrator construction is 
5 0(aiog:N). 

In a further alternative embodiment of the present invention, the counting 
and summing of requests could be performed as descnbed above above, except 
that the counting and summation may continue beyond the iteration that drives 
the overall total of requests above f for a particular output port, so that the 
10 complete total of requests can be counted. The log:(2f i-wiae adder would now 
need to be a log:t2fN)-wide adder, with a hardware count of 
Nlog2(2Nf).log3(4Nf).-2; computing steps 0(flog:(2Nf)); and overall complexity 
product 0(Nflog:-(2Nf).log2(4Nf),2). Furthermore, it could also be possible for the 
counters to hold cell request counts from previous frames, and to add these to 
15 the counts of each new frame. This would allow running totals, or perhaps 
weighted averages, to be used covering longer time-slots than a single frame, if 
cell queue lengths employed are longer than a frame length. The number of cell 
acceptances between input and output ports could then be calculated on perhaps 
a fairer basis related to longer-term flows between input and output ports. 
20 indeed, -.vhether the actuai queue lengths employed are longer than the 

frame length or not, i.e. even if unsuccessful cells are discarded within each 
frame, it may be advantageous for the number of cell acceptances within each 
frame to be related to such a longer-term measure of t.-affic flow requests 
between ports, rather than just the cell requests within the frame itself. Of course 
25 the number of cell acceptances could also be related to a combination of longer- 
term flow and "within frame" requests. 

Once the number of requests r allocated between each input and output 
port within a frame is known, the individual ceil requests buffered in the RAM 
queues must be identified. This can be achieved by re-running the individual cell 
30 requests out of the RAM queues, through the decoder sv;itches and re-counting 
them in the request matrix counters. This time, each counter is set at its allocated 
total, and can be decremented by each cell request bit that it receives. While the 
counter is still above zero, a single bit .e.g. a - ") is sent back to the RAM queue 
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to the cell position corresponding to the current request bit, signifying cell 
acceptance. When a cell request bit decrements the counter to zero, and for all 
subsequent request* bits, a single bit (e.g. a "O") is sent back to the appropriate 
RAM queue ceil position to signify non-acceptance of that particular cell request. 
5 The status (accepted or rejected) of all cell requests stored in RAM queues is now 
established. The hardware and computing complexities are the same as for the 
first count of matrix elements r,.,, except that an additional N(N^f) switches are 
needed. The additional number of steps required through these is f. All accepted 
cell requests are now ready to have their time slots calculated for transmission 
10 across the switch fabric (fabric arbitration). 

Excluding the necessary cell or packet buffering in RAM queues, for which 
there is no essential difference, the hardware. computing complexity product of 
the method of the present invention is OdogiN) smaller than iSLIP for all hardware 
items. Taking the worst values across all hardware items, again excluding cell 
15 buffering, this actually translates into fewer computing steps than iSLiP by the 
same factor OdogiN), but at the expense of greater hardware quantities by the 
same factor OdogcN) for some of the hardware items. Nevertheless, the hardware 
quantities required for the method of the present invention are much smaller than 
the cell buffering hardware. 
20 Figure 6 shows the number of computing steps for the iSLIP atgorimm with 

average convergence [solid line) and tne method of the present invention [dashed 
line), for a small switch with N = 32 input and output ports, as a function of the 
number of time slots f under consideration. Figure 7 shows the ratio of computing 
steps for the two algorithms, which reaches a minimum of 0.32 for f = 32 time 
25 slots. Although this means that the method of the present invention is more than 
three times as fast an algorithm as iSLIP, it does require ceils to be buffered for 
32 time slots to achieve this minimum ratio. However, the ratio is around 1/3 for 
ail numbers of time-slots from 8 upwards, so any desired ceil latency could be 
chosen. The benefits of a frame-based algorithm become more significant for 
30 switches with more ports N. Figures 8 and "9 show the equivalent graphs as 
Figures 6 and 7 for the case where N = 256 ports. Here, the method of the 
present invention takes only 0.195 times the iSLIP computing time at minimum, 
requiring an optimum f = 1 92 time siots. Once again, the practical number of t.me 
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slots can be anything from 64 upwards, yet still provide around a 5-fold speed 
advantage. Thus significant computing time reductions are achievable even if the 
number of time slots f employed is made equal to the number of ports N. 

The overall hardware. computing complexity product of the method of the 
5 present invention is of order N times smaller than a maximum weight matching 
algorithm. In comparison, the iSLIP algorithm having average convergence is only 
0(N/log2N) smaller. 
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CLAIMS 

1. A method of allocating switch requests within a packet switch, the 

method comprising the steps of 
5 (a) establishing switch request data at each input port: 

(b) processing the switch request data for each input port to generate 
request data for each input port-output port pairing; 

(c) comparing the number of requests from each input port and to each 
output port with the .maximum request capacity of each input port and each 

10 output port; and 

(d) allocating all requests for those input-output pairs where the total 
number of requests is less than or eaual to the maximum request capacity of each 
input port and each output port; 

(e) reducing the number of requests for those input-output pairs where 
15 the total number of requests is greater than the maximum request capacity of 

each input port and each output port such that the number of requests is less 
than or equal to the maximum request capacity of each input port and each 
output port; and 

(f) allocating the remaining requests. 

20 

2. A metnod of allocating switch requests within a packet switch, the 

method comprising tne steps of: 

(a) establishing switch request data at each input port; 

(b) processing the switch request data for each input port to generate 
25 request data for each input port-output port pairing; 

(c) allocating a first switch request from each of the input port-output 
port pairing request data, the requests being allocated only if the maximum 
request capacity of the respective output port has not been reached; and 

(d) allocating further switch requests by the iterative application of step 
30 (c) until the maximum reauest capacity of each output port has been reached. 

3. A method of allocating switch requests within a packet switch, the 

method comprising the steps of: 
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(a) establishing switch request data at each input port; 

(b) processing the switch request data for each input port to generate 
request data for each input port-output port pairing; 

(c) identifying a first switcn request from each of the input port-output 

5 port pairing request data; 

(d) identifying further switch requests by the iterative application of 
step (c) until all of the switch request data has been identified; 

(e) subject to the maximum request capacity of each input port and 
each output port, allocating all of the identified switch requests; and 

TO (f) reserving unallocated s-.vitch requests for use in the next phase of 

switch request allocation. 

4. A method of packet switching wherein the input port-output sort routing 
is allocated according to the methoo of any of claims 1-3 and the packets are 

15 switched on the basis of the allocated routing. 

5. A packet switch in which switch -equests the input port-output port 
routing is allocated in accordance with the method of any of claims 1 to 3. 

20 5. A packet switch according to claim 5. wherein packets are switched from 

an input port to a specified output port m accordance with the allocated routing. 
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